. For example, they showed that by increasing the addition rate of condensed distillers solubles (CDS) mixed (from 0 to 212 L min -1 ) with wet distillers grains (WDG), the combination of which was then dried in a rotary drum dryer, the bulk density increased from 420.47 to 458.05 kg m -3 .
While the bulk density of DDGS can inherently vary due to varying processing conditions, particle segregation during handling of DDGS can also cause bulk density variations within the same bulk . This is because, on a particle level, DDGS consists of a heterogeneous mixture of granular particles that vary in morphology and size (Ileleji et al., 2007) . Thus, sample handling and physical property testing must be done with care to avoid inducing errors due to inappropriate sampling methods for these bulk solids. Hence, it is critical to have an established procedure for sample handling and determination of basic physical properties such as bulk density. Manley et al. (2009) investigated a similar question for determining bulk density of wheat samples using various equipment and procedures from six wheat producing and exporting countries. They found that there were significant differences in the bulk density values measured using these devices, which they attributed to different operating procedures, including the drop height and the volume of the measuring container. They also pointed out that there was high correlation between the bulk density values determined by these devices, and they suggested the use of correction factors to convert bulk density values between devices.
Standard bulk density procedures exist for several materials, including aggregates (ASTM C29; ASTM, 2007b), particles (ASTM F1877; ASTM, 2005) , granular materials (ASTM C357; ASTM, 2007a), and grains and oilseeds (ASAE D241.4; ASABE Standards, 2008) , among others. However, there is currently no standard procedure for the D bulk density measurement of DDGS. ASTM C357 (ASTM, 2007a) has been proposed for granular materials; however, this method specifically applies to materials in the sieve size range of U.S. No. 4 (4.76 mm) to U.S. No. 12 (1.70 mm). DDGS has a wider particle size distribution (Rausch et al., 2005) , with material retained on sieve sizes from U.S. No. 4 through U.S. No. 270 (Clementson et al, 2009) . Thus, it is important to examine the current methods used for bulk density determination in other materials and to evaluate their applicability to DDGS, as well as potential causes of errors and variation in bulk density determination. Therefore, this study evaluated some current practices used for bulk density measurement of DDGS and identified possible sources of variability. Additionally, moisture content, true density, and particle size distribution were determined for these samples to more fully quantify the DDGS characteristics.
MATERIALS AND METHODS

BULK DENSITY MEASUREMENT
For this study, DDGS was obtained from six ethanol plants: three plants in South Dakota (samples denoted SD1, SD2, and SD3) and three plants in Indiana (samples denoted PU1, PU2, and PU3). The DDGS from each plant was collected in individual 18.9 L (5 gal) containers that were marked to clearly identify their sources. The bulk density of the DDGS samples was assessed using a Seedburo filling hopper and stand (Seedburo Equipment Co., Chicago, Ill.), which consisted of a brass hopper mounted on a tripod ( fig.Ă1 ). DDGS was poured into the funnel-shaped hopper, the hopper was centered over the measuring cup, the hopper valve was opened quickly, and the DDGS was allowed to flow freely into the measuring cup. After the cup was filled, the excess material was leveled off with gentle zigzag strokes using the standard Seedburo striking stick. The filled measuring cup was then weighed, and the mass of DDGS in the cup was determined by subtracting the mass of the measuring cup itself. The bulk density (ρ) of DDGS was then calculated using the following expression:
For comparative analysis, the bulk density was measured at two laboratories: the Department of Agricultural and Biological Engineering at Purdue University, West Lafayette, Indiana (denoted PU), and the USDA-ARS North Central Agricultural Research Laboratory in Brookings, South Dakota (denoted SD). At each laboratory, three independent variables were systematically altered when assessing the bulk density: drop height, measuring cup size, and sampling method.
Drop height was defined as the distance between the hopper discharge valve and the base of the measuring cup. DDGS was dropped from the hopper into the measuring cup by gravity discharge. Studies by Ileleji et al. (2007) and Clementson et al. (2009) showed that particle segregation can occur during the handling of DDGS, especially during gravity-driven discharge, which can lead to bulk density variation . Additionally, Tanaka (1971) proposed the push-away model when filling hoppers where particles falling on or flowing down a heap push against the heap. This is analogous to the filling of the measuring container for bulk density determination. From their analysis, particles possess different potential energies at different drop heights, which could cause varying compaction and particle penetration, which would thus affect the measured bulk density of the material. The drop height was varied from an upper level (highest point at which the hopper could be mounted on the tripod, 17.2 cm) to a lower level (lowest point at which the hopper could be mounted, 13.9 cm).
Measuring cup size was the physical size of the measurement container. From studies by Shinohara et al. (1972) and Standish (1985) , the size of the hopper and container can influence the extent of particle segregation that occurs during discharge from the hopper, and thus the bulk density as pointed out by Manley et al. (2009) . For this study, standard Seedburo density measuring cups (Seedburo Equipment Co., Chicago, Ill.) with volumes of 0.5 L and 1.0 L were used.
Sampling method (or sample reduction method) was the procedure used to reduce the bulk supply of DDGS in the storage containers to an appropriate quantity for testing. Ileleji et al. (2007) showed that DDGS became segregated under different handling scenarios, while Clementson et al. (2009) showed that proper and consistent sampling procedures must be used to obtain a representative sample of DDGS. During this study, two methods were used to obtain samples for testing: (1) obtaining a sample directly from the holding bucket (which was a non-random approach), and (2) using a Boerner divider to split the DDGS into equal, random proportions.
These variables provided a 2 3 factorial experiment (tableĂ1); each treatment combination was replicated three times in each participating laboratory (that is, eight treatment combinations in triplicate) for the DDGS samples from each [a] n = 3 for each treatment combination (i.e., run), PU = Purdue, SD = South Dakota, and the lower and upper drop heights are the lowest point at which the hopper could be mounted on the tripod (13.9 cm) and the highest point at which it could be mounted (17.2 cm), respectively.
plant. With DDGS from six ethanol plants used, a total of 144Ătests in each laboratory (or 288 measurements in all) were conducted. Statistical analyses were conducted on the collected data with SAS (ver. 9.1, SAS Institute, Inc., Cary, N.C.) using the PROC GLM analysis of variance (ANOVA) procedure, using a Type I error rate of 0.05. ANOVA was used to determine whether there were significant differences in the bulk density values due to the three main effects (i.e., drop height, measuring cup size, and sampling method), whether there were any interactions among these effects, and to partition the observed variation associated with the laboratories, cup size, and drop height.
PHYSICAL PROPERTIES AND MOISTURE CONTENT
In addition to bulk density, other properties were determined for the DDGS samples; these included true density, particle size distribution, and moisture content. For all of these tests, a Boerner divider was used to obtain representative DDGS samples from each bulk container (i.e., each plant). A gas multipycnometer (Quantachrome Corp., Boynton Beach, Fla.) was used to determine the true density. The true density, also known as the absolute density, is a measure of only the solid density, excluding all pores within the particle. The measurement procedure followed the standard protocol as outlined by the equipment manufacturer using the micro cell (1.0772 cm 3 ).
Particle size analysis was conducted using the standard procedure described in ANSI/ASAE S319. AĂcharge of approximately 100 g was placed on the top sieve, and the shaker was operated for 10 min. As outlined by the standard, the resulting mass on each sieve was weighed and then used to calculate the geometric mean diameter (d gw ) and the geometric standard deviation (S gw ).
The moisture content (%, d.b.) of DDGS from each plant was assessed using NFTA Method 2.1.4 (NFTA, 2006), as recommended by Thiex (2009) and Ileleji et al. (2010) . This involved weighing a sample of 2 g, drying it in an air-oven for 3 h at 105ºC, and then determining the percentage of mass lost due to drying.
For each bulk DDGS sample, true density, particle size distribution, and moisture content were all measured in triplicate. Statistical analyses was conducted on the resulting data with SAS (ver. 9.1, SAS Institute, Inc., Cary, N.C.) using the PROC GLM analysis of variance (ANOVA) procedure to determine whether significant differences existed among the six DDGS bulk samples, using a Type I error rate of 0.05.
RESULTS AND DISCUSSION
There were significant differences in the geometric mean diameter among the six samples used. The PU1 sample had the largest particle size (1861.75 mm) and greatest particle size distribution ( fig. 2) , while the PU2 sample had the smallest particle size (679.81 mm). The range of particle sizes for the samples in this study was wider than the range reported by the U.S. Grains Council (2008) , which included data from 16 ethanol plants in 2001, 35 plants in 2004, and 35 plants in 2005 . The range of values in this study was also broader than that reported by Kingsly et al. (2010) but less than the range of particle sizes found by Clementson et al. (2009) . True density also showed significant differences among the samples (table 2). The true densities were within the range of values obtained by Ileleji et al. (2007) but greater than those obtained by Kingsly et al. (2010) ; they ranged from 1307.63 kg m -3 (PU1) to 1291.91 kg m -3 (PU2). Moisture content also showed significant differences among the samples (table 2) ; moisture values ranged from 11.82% (PU1) to 7.75% (SD3) and were generally within the moisture content range at which DDGS is normally produced (except for the SD3 sample, which was very low).
The data show that the sample (plant source) accounted for most of the bulk density variation (table 3) compared to the method of measurement. This confirms previous studies (Bhadra et al., 2009; U.S. Grains Council, 2008 ) that quantified the variability of DDGS bulk density from different plants, and it reiterates the influence that operating conditions have on the resulting DDGS bulk density, as pointed out by Kingsly et al. (2010) . There were significant differences in bulk density values between laboratories (table 3) . This would not be expected, since both laboratories used the same procedure; however, because of the heterogeneous nature of DDGS, the feasibility of having the same particle distribution for each test is limited, which would affect the measured bulk density. This is evident by the variability of the laboratories being significant. There were also significant differences in [a] Means followed by the same letter are not significantly different at 0.05 probability level among samples for a given dependent variable; d gw = geometric mean diameter, and S gw = geometric standard deviation. [a] Means followed by the same letter are not significantly different at 0.05 probability level among samples for a given main effect. These results indicate that the apparatus assembly and measuring cup used could contribute to the resulting variability of the measured bulk density. However, further investigation to explain the specific causes of these differences is warranted. There were no significant differences in bulk density due to sampling method. This was not expected, and it possibly occurred because the bulk samples used were small, compared to the large piles found at ethanol plants, and thus did not allow for sufficient segregation of DDGS as found by Ileleji at al. (2007) and Clementson et al. (2009) . However, with the scoop sampling method, it would be necessary to consider the prior handling history of the material, which may not always be clear and may encompass segregation of the bulk material. Hence, scooping samples out of a bag to produce subsamples for use in measurement is discouraged. Instead, using a sample splitter, such as a Boerner divider, is encouraged. Sampling DDGS from a pile must be done from several locations, including various depths and heights in the pile (Clementson et al., 2009) . Samples collected in bags from these locations should be thoroughly mixed prior to pouring into the Boerner divider for splitting into subsamples.
It should also be noted that there were some interactions among the independent variables, which also resulted in significant differences in the bulk density (table 4), most notably the interactions between sample, sampling method, and drop height. Because of the heterogeneity of DDGS particles (i.e.,Ăsize, shape, and true density), the hopper emptying mechanism may affect the filling of the measuring cup and may interact with the drop height. In other words, drop height variation could cause DDGS to consolidate in the cup differently.
CONCLUSIONS
It was determined that the plants from which material is sourced caused most of the measured variability in DDGS bulk density, although the method of bulk density measurement did not cause as much variability. The laboratories also contributed to bulk density variability, which indicates that consistent handling of samples is essential. Additionally, the drop height and measuring cup size each had significant effects on resulting bulk density values. These results emphasize that the variability of reported values could be minimized by the use of a standard protocol and the need to validly compare material property results among experiments.
